The limiting sizes of molecules that can permeate the intact cell wall and protoplast membrane of Saccharomyces cerevisiae were determined from the inflection points in a triphasic pattern of passive equilibrium uptake values obtained with a series of inert probing molecules varying in molecular size. In the phase identified with the yeast protoplast, the uptake-exclusion threshold corresponded to a monodisperse ethylene glycol of molecular weight = 110 and Einstein-Stokes hydrodynamic radius (rEs) = 0.42 nm. In the cell wall phase, the threshold corresponded to a polydisperse polyethylene glycol of number-average molecular weight (Mn) = 620 and average radius (rEs) = 0.81 nm. The third phase corresponded to complete exclusion of larger molecules. The assessment of cell wall porosity was confirmed by use of a second method involving analytical gel chromatographic analyses of the molecular weight distribution for a single polydisperse polyglycol before and after uptake by the cells, which indicated a quasi-monodisperse threshold for the cell wall of Mn = 760 and rEs = 0.89 nm. The results were reconciled with two situations in which much larger protein molecules previously have been reported able to penetrate the yeast cell wall.
The porosity of microbial cell integuments can be assessed by measuring their sieving properties with extemal probing molecules. A usual method involves the measurement of passive equilibrium permeabilities to a series of inert polymer samples varying in mean molecular size, with inflections in the response pattern corresponding to uptake-exclusion thresholds (17) . Such a threshold represents the largest opening in a cell wall or membrane surface into which a molecule can just penetrate by diffusion, relative to its hydrodynamic size. Because uptake of a polydisperse polymer sample at a threshold may reflect the sieving of only the smaller molecules, uptake measurements based on mean molecular size may overestimate the limiting size (17) .
A second method for determining the uptakeexclusion threshold involves graphical analyses of changes in the molecular weight distribution of a single polydisperse polymer sample before and after uptake by the cells (17) . If the polymer sample is only taken up partially, the molecular weight profile obtained after uptake intercepts the profile obtained before. ception corresponds to a quasi-monodisperse limit and thereby is a more accurate estimate of the threshold porosity.
Comparison of these two methods with a bacillus vegetative cell (17) and dormant spore (7, 15) revealed that the threshold porosity in the limiting outer integument of each is much more restrictive than believed previously. The spore coat not only is thicker but also is coarser in porosity than the bacillus cell wall. However, the spore and vegetative cell protoplast membranes are similar in porosity. In an earlier study made only by the first method, the isolated cell wall of bakers' yeast was shown to be finer in porosity than that of a bacillus (6) .
Consequently, the present experiments were undertaken to measure the porosity of the cell wall and membrane in the intact yeast cell, thereby assessing applicability of the two methods with a relatively thin, finely porous cell wall. Solute concentrations were determined by refractometry or liquid scintillation spectrometry (17) . A monodisperse compound has a finite molecular weight (MW), whereas a polydisperse polymer sample was identified by the number-average molecular weight (L,,). The equivalent hydrodynamic radius (rEs or LE., respectively) was calculated by use of the EinsteinStokes formula, as described previously (17) .
Uptake measurements based on mean, molecular size. Solute uptake was determined at diffusional equilibrium under conditions that essentially preclude adsorptive and active transport phenomena, as described previously (6, 17) . A sample of the washed yeast suspension in a tared 50-ml tube was sedimented in a refrigerated centrifuge for 45 min at 20,000 x g. After fast deceleration and removal of the supernatant fluid, the firm yeast pellet (about 3 g, wet weight) was weighed, 3 ml of 3% (wt/vol) solute was added to the pellet and mixed thoroughly, and the suspension was allowed to equilibrate at 4 C for 2 h. The solute concentration and equilibrium time were varied from the standard conditions only in specified experiments. After uptake, the yeast suspension was resedimented and the concentration of solute in the supematant fluid was determined.
A total uptake value based on the weight of the yeast (SW) was calculated as follows: sw = (VJ Wp) (ClCf -1) x 100, where V. is the solution volume added to the cells, WP is the pellet weight, and C0 is the initial and C, is the final solute concentration.
Because of the presence of interstitial water in the pellet, it was necessary to obtain a corrected uptake value (RW), as follows: RW = (S,01W -S3,w)/100 - (interstitial) as well as intracellular aqueous spaces, in which the probing molecules were distributed after uptake. The interstitial space (S3,') was measured with dextran of 2. = 200,000, which was selected because even the smallest molecules in the sample distribution were not measurably taken up by the intact cell wall. Under the experimental conditions, the S,.w in 30 determinations averaged 26.8% (Table 1 ). This average reference value for interstitial space was used to obtain a corrected intracellular uptake value (Rw) for each probing solute.
The maximal intracellular space into which solute can penetrate is represented by the total water content of the cell, which is approximated by the R'" value for tritiated water (7, 17) . This Rw value for yeast averaged 75.8% in six determinations (Table 1) .
In comparison with this maximal uptake of water, inert probing molecules of increasing molecular size were taken up to a decreasing extent by yeast cells (Table 1 ). The graded series of glycols together with glycerol were selected from among the large number of different types of probing compounds employed in studies with spores (5, 7) and bacilli (17) .
Inulin also was included because of its historical use, both with yeast (4) and other cells, as a supposedly non-penetrating molecule for determination of interstitial space. In fact, inulin was taken up to a marginal extent by the yeast cell (Rw = 4.0%, Table 1 ). The use of five other inulin samples resulted in slightly different uptake values, reflecting differences in mean molecular weight and polydispersity (13) .
As in previous work with other cells (6, 15, 17) , an equilibration period of 2 h was allowed for uptake. However, the possibility was considered that this period might not be long enough for probing molecules to reach diffusional equilibrium with yeast cells. Therefore, uptake values with representative compounds were measured at intervals up to 24 h ( were within the limits of standard error. However, the uptake of inulin increased consistently and significantly with time, apparently reflecting the extreme polydispersity of the sample. The uptake of diethylene glycol also seemed to increase with time, but the changes were only slightly outside the limits of standard error. The influence of the initial concentration of representative solutes on the uptake by yeast cells also was examined ( Fig. 1; for results with spores and bacilli, see references 3 and 16). The uptake was proportional to the concentration (i.e., the RW values remained constant) over the range examined refractometrically for all the solutes, and the range was extended to an extremely dilute concentration in the case of [14C lethylene glycol. Thus, in contrast to results with charged solutes (4), it was confirmed that adsorption or other interactions between the solutes and the cells did not affect uptake measurements under the experimental conditions.
The patterns of change in yeast cell uptake values as a function of the logarithm of solute molecular weight and of the equivalent hydrodynamic radius are shown in Fig. 2A and B, respectively. In both patterns, three phases were distinguished. The first phase decreased sharply from the Rw value for tritiated water until an inflection occurred at Rw = 15%, MW = 110 and RW = 14%, rEs = 0.42 nm. This point was believed to represent the uptake-exclusion threshold of the yeast protoplast since Rw = 14 or 15% corresponds to the fraction of the total cell weight occupied by the next outermost structure, i.e., the cell wall (11) . An inflection in this region does not occur when the uptake response is determined for isolated yeast cell walls (6) , and occurs at higher Rw values corresponding to the thicker integuments in the bacillus cell (17) and spore (7) . Even if the seeming increase with equilibration time in the Rw value for diethylene glycol ( Table 2) were taken into account, it would not appreciably affect the exclusion threshold determined for the yeast protoplast.
The second phase in the uptake patterns ( Fig.  2) extended downward from the inflection point for the protoplast to another at Rw = 2.5%, Mn = 620 and Rw = 2.2%, rEs = 0.81 nm. This point was believed to represent the uptake-exclusion threshold of the intact cell wall surface. When the uptake response is determined for isolated yeast cell walls, an inflection seemingly occurs at a different point (Rw = 8%, Mn = 4,500; reference 6). The present determination was considered the more reliable because of the greater number of determining measurements.
The third phase in the uptake patterns (Fig.  2) represented a cell exclusion plateau, the slope of which was not actually zero but instead slightly negative. It is believed that this phenomenon in intact cells simply reflects the increase in polydispersity that occurs with increase in the mean molecular size of polymer samples ( Fig. 1 in reference 17) .
Uptake measurements based on molecularsize distribution. Inaccuracies that might result from basing threshold measurements on the mean size of polydisperse polymer samples were checked by use of the second method, which involved distribution analyses by analytical gel chromatography. However, it became evident that the latter method could be applied to yeast cells only with difficulty and relative imprecision. Unlike bacilli or spores in which the cell walls comprise a large fraction of the total cell weight, the cell wall of yeast constitutes only a small fraction. Consequently, only small differences could occur between the molecular weight distribution profiles of a polymer before and after uptake by yeast cells.
In gel chromatographic analyses of polyethylene glycol samples of Mn = 200, 300, 400, 750, 1,000 and 1,450, significant changes were not found in the distribution profiles before and after uptake by yeast cells. In the profile for polyethylene glycol of Mn = 200 (Fig. 3) , the two peaks were attributed to tri-and tetra-ethylene glycols and the two nearby shoulders to di-and penta-ethylene glycols. However, differences because of protoplast or cell wall uptake were not discernible. The broadening of peaks inherent in gel chromatography (including that for ethylene glycol as an internal standard) probably obliterated small potential differences in the profiles.
Only with polyethylene glycol of Mn = 600 were there detectable changes and intersections in the elution chromatograms before and after uptake (Fig. 4) . As anticipated because of the thin cell wall of yeast, the differences were small. Interceptions of the primary profiles occurred at Mn = 640 and 680 (Fig. 4A) . By normalizing the differential molecular weight distributions, the differences in the two distribution curves were made more apparent and a single intercept was determined (Fig. 4B) . This point corresponded to a quasi-monodisperse threshold of Mn = 760, which is equivalent to rEs = 0.89 nm. Although this value seemingly was greater than that of Mn = 620, rES = 0.81 nm obtained as the polydisperse threshold (Fig. 2) , the two values were within limits of error in the methods and thus indistinguishable. on June 28, 2017 by guest http://jb.asm.org/ Downloaded from essentially identical to the purified glycoprotein enzyme (for review, see reference 10). The mechanism of retention, however, has not been clear-wall-to-enzyme covalent bonding has been favored by some investigators (9, 10) and a physically restraining permeability barrier has been favored by others (1, 2, 8) . Although not disproving the possibility of chemical bonding, our determination of a relatively fine porosity in the yeast cell wall was consistent with the idea of a permeability barrier restraining the secretion of invertase. The barrier may be located outside the protoplast membrane surface but inside the inner surface of the cell wall, with the enzyme trapped in an intervening "periplasmic space" (1) . It also has been proposed, from inactivation studies with low-voltage electrons, that the enzyme is trapped within the cell wall but just beneath an outer layer (14) . In electron micrographs of lead-stained isolated cell walls, the outer layer appears more deeply stained than the inner layer even though both are equally accessible to the stain, suggesting a difference in the two layers (6) . If the outer layer of the cell wall were to have smaller openings than the inner layer, the uptake pattern for cell walls after isolation should be different from that for cell walls in situ because the inner layer would become exposed when the cell wall was broken during the isolation procedure. Consequently, a first phase in the regYession should extend to an inflection point at a molecular size corresponding to the finer-limiting porosity of the outer layer (and to that of the intact cell), and a second phase should extend to an inflection point corresponding to a much coarserlimiting porosity of the inner layer, with openings large enough to accommodate the invertase molecule. A first phase consistent with this prediction in fact occurs with isolated cell walls of yeast (6) (and also with those of a bacillus [6, 17] and a mold [20] There is a second situation which relates to porosity of the yeast cell wall: ribonuclease, cytochrome c, serum albumin, and certain other proteins act on the intact yeast cell to disrupt the protoplast membrane and release cytoplasmic constituents (12, 18, 19, 21) . The implication is that openings occur in the cell wall surface much larger than indicated by the above uptake measurements with intact yeast cells. Openings large enough to accommodate these active protein molecules might result from a statistical spread in the distribution of pore sizes, or there might exist a separate set of very large pores which would accommodate the macromolecules used to determine the interstitial space (S,^w) in the uptake measurements and so would not be reflected in the intracellular space, value (RW). These possibilities appear unlikely, however, because the use of very large molecules results in an SgnW value little different from that with molecules approximating the threshold size ( Table 2 ; also see reference 4). Furthermore, it seems contradictory that invertase (and also acid phosphatase) molecules are retained beneath the intact yeast cell wall surface whereas the other protein molecules penetrate from outside. An alternative and more attractive explanation is that relatively large openings occur in the yeast cell wall surface only after addition of the active protein, but not before. Indeed, special conditions are prerequisite for the protein-penetration phenomenon: very large amounts of the protein are needed, the protein must be charged positively, and the ionic strength of the medium must be very low (12) . With these prescribed conditions, the protein penetrates the cell wall and brings about a disruption in the membrane, apparently because of a drastic change in the ionic environment as a result of adsorption of the protein on the membrane surface. It is proposed that a similar reaction very well might occur first in the yeast cell wall, making the wall surface greatly more porous and thus enabling the protein to penetrate through the wall and react with the protoplast membrane as a secondary event.
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